Using the digital differential display program of the National Center for Biotechnology Information, we identified a contig of expression sequence tags (ESTs) which were unique to ovary, testis, and egg libraries. The full-length cDNA of this transcript was deduced and further confirmed by reverse transcriptase polymerase chain reaction (RT-PCR). The cDNA encodes a novel protein of 341 amino acids with a nuclear localization signal. The carboxyl-terminus of the protein contains three C2H2 zinc fingers, and the NH 2 -terminus is proline and serine-rich. Based on the conserved zinc finger motifs, we have termed this novel protein as zinc finger protein 393 (ZFP393). Northern blot and RT-PCR analyses revealed that Zfp393 mRNA was exclusively expressed in testis and ovary. The expression sites were further localized by in situ hybridization to step 3-8 spermatids in testis and growing oocytes in ovary. The Zfp393 gene consists of three exons spanning approximately 8 kb on the distal part of mouse chromosome 4. The carboxyl-terminal zinc finger region is highly homologous to several zinc finger-containing proteins, but no proteins were found to share sequence similarity with the NH 2 -terminal region of ZFP393. Genomic database mining and Southern blot analysis indicate that Zfp393 is a single copy gene. We hypothesize that ZFP393 functions as a germ cellspecific transcription factor that plays important roles in spermatid differentiation and oocyte development. q 2002 Elsevier Science Ireland Ltd. All rights reserved.
Results
Taking advantage of publicly available expression sequence tag (EST) databases in conjunction with the digital differential display program available at the National Center for Biotechnology Information (NCBI), we screened several libraries derived from testes, ovaries, or eggs to identify novel germ cell-specific transcripts. We identified a novel EST cluster that is exclusively expressed in testis and ovary and encodes a protein containing three C2H2 zinc fingers. The stage-specific expression of this novel protein during spermiogenesis suggests that it functions as a key transcription factor during spermatid differentiation. Its abundance and regulated expression in oocytes implies that it has a role during oogenesis.
Digital differential display and expressed sequence tag analysis
Using the digital differential display program (http:// www.ncbi.nlm.nih.gov/UniGene/info/ddd.html) at the NCBI (http://www.ncbi.nlm.nih.gov), we screened multiple cDNA libraries to identify expressed sequence tags (ESTs) present in libraries derived from egg, ovary, and/or testis but absent in libraries derived from other tissues. We identified several similar ESTs that had been grouped into UniGene cluster Mm.3848. This UniGene cluster also contains a fulllength cDNA deposited by RIKEN (The Institute of Physical and Chemical Research of Japan). We designed primers to amplify three overlapping regions of this transcript from mouse testis cDNA and sequenced the PCR products to confirm the cDNA sequences. The full-length cDNA and its encoded protein sequence are shown in Fig. 1A . Fig. 1 . Full-length mouse Zfp393 cDNA sequence, protein domain structure, and genomic structure. (A) Full-length cDNA sequence of the mouse Zfp393 gene. The three zinc finger motifs are underlined, double-underlined, and shaded, respectively, and the nuclear localization signal is framed. Note there is an in-frame stop codon (bold and underlined) preceding the predicted start codon for Zfp393. (B) Alignment of the three zinc fingers of ZFP393 protein. Conserved residues are shaded. Note that all three zinc fingers display an amino acid motif with a pattern of Cys-X 2-4 -Cys-X 12 -His-X 3-4 -His. (C) Alignment of the triple C2H2 zinc finger motifs of ZFP393 and the other four proteins. EZF, epithelial zinc finger (GenBank accession No.: U70662); SP1, trans-acting transcription factor 1 (GenBank accession No.: NP_038700); BKLF, basic Krüppel-like factor (GenBank accession No.: NP_057615); EGR1, early growth response 1 (GenBank accession No.: NM_007913). Conserved residues are shaded. Note all triple zinc finger motifs follow the pattern of Cys-X 2-4 -Cys-X 12 -His-X 3-4 -His. ZFP393 shares 40-60% identity with the other four proteins that contain triple C2H2 zinc fingers. which is predicted to encode a 341 amino acid protein (Fig.  1A) (Fig. 1A) . Based on the conserved zinc finger motifs, we have been approved to Aliquots of 15 mg of total RNA per tissue source were fractionated on 1% agarose-formaldehyde gel and then transferred to nylon membranes. A Zfp393 cDNA probe was labeled using a random priming method and autoradiography was performed to visualize hybridization signals. The blot was then stripped and reprobed for 18S rRNA as a loading control. (B) Multitissue RT-PCR analysis. The reverse transcription (RT) reaction was performed using a random primer mixture (Promega) and 2 mg total RNA from heart (He), liver (Li), spleen (Sp), lung (Lu), kidney (Ki), brain (Br), stomach (St), intestine (In), testes (Te), ovary (Ov), or uterus (Ut). Aliquots of 2 ml of RT products were used as templates for the gene-specific semi-quantitative PCR. As a loading control, mouse Hprt was amplified (using direct primer 5 0 -ATGGCCTTGGACTTGAACAT-3 0 and reverse primer 5 0 -GCAAAGTTAGCTTGCCGATG-3 0 ); a negative control (Ng) without cDNA template was also included. (C) Semi-quantitative RT-PCR analysis of Zfp393 mRNA expression during testicular development. Testes of different ages (postnatal days 5-60) were used. Reverse transcription and PCR were performed as described previously. To ensure the PCR reactions were in exponential phases, 25 cycles were used for Zfp393 amplification, and 20 cycles were used for Hprt amplification. (D) Semi-quantitative RT-PCR analysis of Zfp393 mRNA expression in developing ovaries. Newborn (NB), 2-day (2d), 5-day (5d), and 9-day (9d) ovaries were used to perform RT-PCR as described previously.
term this novel protein as zinc finger protein 393 (ZFP393) by the International Committee on Standardized Genetic Nomenclature for Mice. Zinc finger motifs can be divided into several classes based on the primary amino acid sequence. The C2H2 class of zinc finger proteins is characterized by an amino acid motif (Cys-X 2-4 -Cys-X 12 -His-X 3-4 -His) that coordinates zinc ions and is involved in binding DNA, RNA, or protein (Iuchi, 2001) . The C2H2 type of zinc finger proteins can further be classified into three groups: triple C2H2, multiple-adjacent-C2H2, and separated-paired-C2H2. Seventeen proteins have been identified to contain triple zinc fingers, and 15 of them belong to the Krüppel-like factor (KLF) family (Iuchi, 2001) . The other two triple zinc finger proteins are the trans-acting transcription factor 1, SP1 (Imataka et al., 1992) , and early growth response 1, EGR1 (Pavletich and Pabo, 1991; Bardeesy and Pelletier, 1998) . In ZFP393, the two cysteine and two histidine residues of each zinc finger are conserved, and the positions of these two residues follow the pattern characteristic of C2H2 zinc finger proteins (Fig. 1B) . Members of the KLF family share at least 80% amino acid identity in their triple zinc finger region. Two members of the KLF family and the other two triple zinc finger proteins, SP1 and EGR1, were chosen to compare their triple zinc fingers with those of ZFP393. Alignment analyses revealed that the C2H2 zinc finger pattern is conserved among all these proteins (Fig.  1C ). ZFP393 also shares many residues with the other four proteins (shaded residues in Fig. 1C ). However, unlike epithelial zinc finger (EZF, GenBank accession No.: U70662) and basic Krüppel-like factor (BKLF, GenBank accession No.: NP_057615), which have 95% identity in their amino acids, the amino acid identities between ZFP393 and the other four proteins in their triple zinc-finger region are below 60%, indicating that ZFP393 does not belong to any of these three groups of triple C2H2 zinc finger proteins. Some zinc-finger proteins of the C2H2 class are widely expressed, such as SP1 and basic transcription element binding (BTEB) factor (Imataka et al., 1992; Saffer et al., 1991) . However, other members of the class have a very restricted pattern of expression, such as the Wilm's tumor gene product (WT1) which is expressed predominantly in the urogenital system during early development (Pritchard-Jones et al., 1990) or the erythroid Krüp-pel-like factor (EKLF) which is highly expressed in erythroid cells (Miller and Bieker, 1993) . ZFP393 is the first germ cell-specific C2H2 zinc finger protein. (Fig. 1D) . The Zfp393 gene maps between D4Mit144 and C77670, at approximately 120 cM from the centromere. The exonintron boundaries satisfy the 'AG-GT' rule for rodents (data not shown). Searches against various available mouse genomic sequence databases consistently identified only one hit on chromosome 4, indicating that Zfp393 is a single-copy gene. Our genomic Southern blot analysis also confirmed this (data not shown).
Northern blot and RT-PCR analyses
We searched the entire mouse EST database at the NCBI, which currently contains 2,295,761 ESTs including those derived from embryos at different stages, and we found that Zfp393 cDNA sequences were only present in libraries derived from egg, in vitro fertilized egg, and testis, and absent in all other libraries. Northern blot and reverse transcriptase polymerase chain reaction (RT-PCR) analyses confirmed its gonad-specific expression pattern, as predicted by our in silico analyses. A cDNA fragment corresponding to nucleotides 742-1284 of the Zfp393 cDNA was labeled and used for Northern blot analysis. Multiple mouse tissue Northern blot analysis revealed that Zfp393 mRNA was exclusively expressed in the testis and ovary. No signal was detected in total RNA isolated from heart, liver, spleen, lung, kidney, brain, stomach, small intestine, or uterus. Interestingly, two mRNA isoforms were detected in testis. The longer mRNA species (approximately 2.5 kb) was detected in both ovary and testis, whereas a shorter mRNA (about 1.4 kb) was exclusively expressed in the testis (Fig. 2A) . The expression levels of the longer transcript were similar in total RNA from testis and ovary, whereas the shorter transcript was much more abundant than the longer one in testis. Higher levels of Zfp393 mRNA were observed in the growth and differentiation factor-9 (Gdf9) knockout ovary. This is due to the fact that homozygous female mice lacking GDF-9 have an arrest in early follicular development, and their ovaries are filled with primordial and primary follicles with enlarged oocytes (Dong et al., 1996; Elvin et al., 1999) .
Given the limited sensitivity of Northern blot analysis, we further analyzed the expression profile of Zfp393 using RT-PCR to confirm the tissue distribution of the Zfp393 mRNA. Equal amounts of reverse-transcribed cDNAs from multiple tissues were used to perform the PCR with Zfp393 primers, and mouse hypoxathine phosphoribosyl transferase (Hprt) was employed as a loading control. For Hprt, PCR was performed for 20 cycles to ensure the reaction was in exponential phase. For Zfp393, PCR was carried out using primers (upstream: 5 0 -ACCCAGGAAGAACCTTTCGT-3 0 and downstream: 5 0 -CCACCACTTCTTGTCTCCAT-3 0 )
encompassing introns 2 and 3, and the cDNAs were amplified for 40 cycles to reveal to the maximal extent any potential transcripts in different tissues. Similar to Northern blot Fig. 4 . Localization of Zfp393 mRNA in the ovary by in situ hybridization. Ovaries were collected from randomly cycling adult C57BL/6/129SvEv (hybrid strain) mice, fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned. Slides were pretreated, probed with [ 35 S]UTP-labeled antisense or sense riboprobes, and washed. Hybridization signals were visualized using NTB-2 radiographic emulsion (Eastman Kodak Co., Rochester, NY, USA); tissues were counterstained with hematoxylin. Brightfield (A,C,E,G) and darkfield (B,D,F,H) analysis, Zfp393 mRNA was exclusively detected by RT-PCR in testis and ovary (Fig. 2B) .
We also performed semi-quantitative RT-PCR analyses on developing testis and ovary (Fig. 2C-D) using primers described earlier. We first tested the range of cycle numbers when the reactions were within the exponential phase (data not shown). We then chose 25 cycles for Zfp393 amplification and 20 cycles for Hprt amplification. The Zfp393 mRNA was detectable in testis from postnatal day 20 onward (Fig. 2C) . The ontogeny of Zfp393 mRNA in the developing testis suggested that Zfp393 is expressed in haploid germ cells since this population of germ cells begin to appear in the seminiferous epithelium by postnatal day 20. The Zfp393 mRNA could also be detected in developing ovaries from birth onward (Fig. 2D) . However, the levels of Zfp393 mRNA in the newborn ovary appeared to be much lower than in the adult ovary.
In situ hybridization
A PCR-generated 543 bp DNA fragment (corresponding to nucleotides 742-1284 of the cDNA) was subcloned into pGEM-T vector (Promega, Madison, WI, USA), and antisense and sense riboprobes were generated using RiboProbew In Vitro Transcription Systems (Promega) according to manufacturer's instruction.
In testis, the distribution of hybridization signals displayed a stage-specific pattern (Fig. 3A,B) . Higher magnification revealed that spermatogonia and spermatocytes did not express Zfp393 mRNA and that Zfp393 mRNA was confined to round spermatids of steps 3-8 (Fig. 3C,D) . Low levels of Zfp393 mRNA were detectable in step 3 spermatids, and the levels peaked in step 5-6 spermatids (Fig. 3C,G ). Signals were barely detectable after step 9 spermatids. This expression pattern is consistent with the RT-PCR analysis results showing that Zfp393 mRNA becomes detectable only after postnatal day 20 when the haploid round spermatids begin to appear in the testis. During spermiogenesis, round spermatids undergo complex morphological, biochemical, and physiological modifications resulting in the formation of mature spermatozoa. In round spermatids, histones and non-histone proteins are replaced by transition proteins, and in elongating spermatids, transition proteins are removed from the condensed chromatin and eventually replaced by protamines, the principle basic nuclear proteins of mature spermatozoa (Steger, 1999) . The tightly packed DNA-protamine complexes in late elongating and elongated spermatids cease transcription. Thus, modifications in both the nuclear and cytoplasmic structures persist throughout spermiogenesis, and stringent temporal and stagespecific gene expression is a prerequisite for the correct differentiation of round spermatids into mature spermatozoa (Steger, 2001) . Since ZFP393 appears to be a transcription factor, the highly stage-specific expression pattern of Zfp393 during spermiogenesis suggests that it regulates the transcription of a set of genes that are involved in spermatid differentiation during spermiogenesis.
In the ovary, Zfp393 mRNA was detected exclusively in oocytes, evident in one-layer, primary follicles through antral-stage preovulatory follicles (Fig. 4A-F) . Hybridization signals were also visible in oocytes of arrested primary follicles in Gdf9 knockout ovaries (Fig. 4G-H) . In contrast to its confined expression to haploid cells during spermatogenesis, Zfp393 mRNA is expressed in oocytes at all stages during folliculogenesis. The persistent expression pattern of Zfp393 during oogenesis and its presence in egg libraries suggests that ZFP393 may function in oocytes or during early embryogenesis.
In summary, we identified a novel gene, Zfp393, which encodes a zinc finger protein exclusively expressed in germ cells in both sexes. Generation of Zfp393 null mice will help us define the target genes that ZFP393 regulates and the physiological roles of this novel germ cell-specific transcription factor.
